A B S T R A C T N 6 -(2-(2-Furanyl-2-oxoethyl))-L-lysine (furosine) is a deteriorative reaction product that is produced during heat treatment and storage of milk. This compound affects the quality of commercial dairy products. Accurate determination of furosine is necessary as it may serve as a measure of the degree of protein degradation in dairy products.
(SPD-M20AV) was used during all analysis. Chromatographic data management was performed using LC Solutions (Version. 5.2).
Chromatographic conditions using ion pairing
Chromatographic separation was achieved using a 250 mm Â 4.6 mm, 5 mm analytical column (SUPELCOSIL TM , LC-8, 58297, SUPELCO, St. Louis, MO, USA) and a solvent system that included a 5 mmol TsOH or HSA L À1 solution (resulting in a 2.3-2.4 pH value, A) and ACN (B). Gradient elution was accomplished as follows: 100% A, 0-10 min; 50% A, 10-20 min; 50% A, 20-22 min and 100% A, 22-27 min. Solvent flow and column compartment temperature, detector wavelength and sample injection volume were kept constant during elution at 1.0 mL min À1 , 30 C, 280 nm, and 20 mL, respectively (Fig. 1A) .
Chromatographic conditions using a strong cation exchange column
A second and independent separation was successfully performed using a Zorbax 300-SCX 250 Â 4.6 mm and 5 mm (Agilent Technologies, Santa Clara, CA, USA). A 0.2 mol L À1 sodium phosphate Fig. 1 . Furosine HPLC analysis with the proposed method of A. 100 mg L À1 spiked milk sample; furosine R t = 18.145 min B. Progressive concentration increase for a five-point calibration curve ranging from 5 to 100 mg L À1 C. Commercial milk sample (2 g/100 mL fat, UHT); furosine R t = 18.199 min sample interpolated concentration 3.02 mg L À1 D. Comparison between a commercial milk sample vs the same sample when spiked; an increase in the area for the signal at ca. (18.2 AE 0.1) minutes is evident. E. Extinction experiment to assess sensibility (i.e., furosine levels near calculated LoD) assaying concentrations of 10.28, 5.14, 4.11, 3.60, 2.06, 1.03 and 0.51 mg L À1 . F. Furosine HPLC assay based on strong cation exchange column analysis, a 20 mg L À1 standard (R t = 14.212 min) and a 0.2 to 0.8 mg L -1 extinction assay are shown. buffer at pH = 3.0 was used to achieve furosine detection at 280 nm with an injection volume of 5 mL ( Fig. 1F ), a flow rate of 1.0 mL min À1 , and a column compartment set at 30 C.
Sample treatment and clean-up
Sample treatment was performed according to the ISO 18,329 IDF 193 reference method. Briefly, to a fluid milk subsample of 2 mL, in a 40 mL glass vial (27184 SUPELCO, St. Louis, MO, USA), 6 mL of an HCl 10.6 mol L À1 aqueous solution is added. Immediately thereafter, the vial is capped with a septum, tan PTFE/silicone (27188-U, SUPELCO, St. Louis, MO, USA) and nitrogen is bubbled for 1 min (to purge any oxygen), into the solution through a needle. The resulting mixture was heated adiabatically for 23 h at 110 degrees Celsius. The resulting hydrolysate was filtered through a qualitative filter paper, grade 4 (Whatman 1 , GE Healthcare Life Sciences Pittsburgh, PA, USA) by gravity. Subsequently, 0.5 mL of the hydrolysate was filtered through a SPE cartridge previously conditioned with 5 mL MeOH and 10 mL water (WAT020805, Sep-Pak VAC C 18 Proper reconstitution has a profound effect on the performance parameters for the determination of furosine in milk powder. When 0.2 g of the solid sample is directly spiked with a previously prepared furosine and diluted with the 6 mol L À1 HCl solutions, poor accuracy (i.e., 15.3-46.7%) and reproducibility are obtained. However, when the same sample (0.2 g) is first suspended into a volume of 2 mL of water, using an Ultra-Turrax 1 (IKA 1 T10 basic, IKA Works, Inc, Wilmington, USA) at 8 500 rpm, before spiking and dilution with the HCl solution, the resulting recoveries improve drastically (i.e., 81.5-89.6%, Table 2 ). It is noteworthy that milk powder is estimated to be 10 times more concentrated in solids, including protein, than a liquid sample. Thus, then differences in the reconstitution directly affect the recoveries. Small sample quantities can be used when assaying powdered milk as it usually exhibits higher concentrations of furosine due to more severe heat treatment compared to fluid milk.
Considerations for ion pair chromatography
Furosine contains two amine functional groups that can interact with a sulfonic acid group. The proton transfer from the acid to the amine groups provides a fast and essentially complete reaction with no structural rearrangements/changes for furosine and produces a stable ion-pair, which can be quantitatively analyzed due to the interaction that exists between the aromatic moiety of the sulfonate and the alkyl chain of the bonded phase of the column. Both the sulfonate and the sulfonatefurosin ions have been demonstrated to be inert toward the chromatographic column, and the reagent produces no byproducts during ion pairing, providing better chromatographic efficiency than that obtained from the acetate suggested by the reference method. Organic acids (e.g., trifluoroacetic acid) are commonly used during reverse phase chromatography to improve peak symmetry. We believe that in our HPLC method, the use of aromatic sulfonic acids such as TsOH serves two purposes: a) aromatic sulfonate anions exhibit different surfactant properties than other commonly used agents (e.g., heptane sulfonic acid) [18] , b) the use of high purity reagents prevents common issues during ion-pair chromatography such as "ghosting" [18] .
Considerations for strong cation exchange chromatography
Polymer-bound sulfonic acids are found both commercially (e.g., 532312, Sigma-Aldrich) and as the stationary phase in several cation exchange columns (e.g., Zorbax 300-SCX). Considering the existence of the latter column, we postulated that it may well retain furosine by a mechanism similar to TsOH ion-pairing, but occuring in situ within the column; on the solid phase. In contrast with other methods, no organic solvent or ion pair agent is needed during the separation on a SCX column and, as such, this method is less expensive and might be considered as green chemistry. Another advantage resides in that the column uses isocratic mode during separation, this prevents baseline drift during phase shifting (i.e., a steadier baseline, compare Fig. 1 
Method optimization, validation and performance parameters
Five-point calibration curves were prepared each time measurements were performed. Concentrations ranged from 5.14 to 102.80 mg furosine L À1 (Fig. 1B) . The general equation that resulted from three different calibration curves prepared independently under reproducibility conditions (i.e., on different days) is shown in Table 1 . Mathematically, a limit of detection and quantification can be attained when considering the standard error of the calibration curve intercept divided by the slope, times 3.3 and 10, respectively (i.e., 0.59 and 1.79 mg L -1 for the TsOH method, Table 1 ). In turn, when considering the matrix and calculation to obtain the result expressed within a fluid milk sample the limit of detection then turns, for example, into 1.48 mg furosine per 100 mL sample ( Table 1 ). The lower limit was corroborated experimentally in an extinction assay, and the determined values (i.e., 0.58 for TsOH and 0.22 for SCX method, Table 1 and Fig. 1E , F) are consistent with the previous calculations.
Moreover, an additional assay was performed using HSA sodium salt instead of TsOH to compare the proposed method with an already established approach (Table 1). We found that HSA prepared curves presented lower RSDs for the intercept and the slope (i.e., 3.7 and 1.4, respectively) when compared with those made with TsOH. (i.e., 11.8 and 1.8, respectively). Considering the magnitude of the slopes obtained, both reagent and column based linear regressions seem to be equal; linearity is sustained even at 200 mg L À1 . However, regarding sensitivity TsOH is 2.9 (i.e., 1.70/0.58) fold acuter than its HSA counterpart and, in turn, SCX is 2.6 times more sensitive than the former (i.e., 0.58/0.22, Table 1 ). Furthermore, p-toluensulfonic acid monohydrate is almost half the expense of sodium 1heptanesulfonate (e.g., 28.10 and 40.90 USD, respectively, for 5 g product, same quality reagent). In the case of the peak symmetry, the signal obtained during SCX has the least tailing factor of the three methods compared; possibly because it involves the direct interaction of the stationary phase with the analyte. Meanwhile, ion-pair separation relies on multiple interactions occurring at once (i.e., ionpair/analyte and ion-pair/column stationary phase).
Repeatability was attained for four types of milk samples, (i.e., milk powder, whole milk, partially skimmed milk and skim milk) values for RSD obtained ranged from 1.31 to 4.06%. No significant differences in variability among milk samples (Mann-Whitney U,p < 0.05, Table 2 ) were found, and all values are below the reference method maximum threshold for repeatability (i.e., 6.02 expressed also laboratory for comparison. According to their analysis report, the laboratory uses an HPLC method (MUVA-MET058 Ital. law Gazette No. 162). e Data obtained using the same sample (i.e., a partially skimmed milk), and the protocol described above, but under different conditions (all six tests performed on different days).
as RSD). When calculating reproducibility for methods destined for furosine determination, change in values during storage time, even under preservation should be considered. Furthermore, values locally obtained for furosine in mg per 100 g milk protein (Table 2) , seem to be in line with those reported in the literature [19] . Method accuracy was determined as the recovery of three different concentration levels for furosine (i.e., ca. 2, 5, and 15 mg L À1 and 1, 3, and 9 mg L À1 for milk powder and fluid milk, respectively) ( Table 2 , Fig. 1D ). Recoveries fluctuated from 81.5 to 100.0% and 83.1 to 101.8% for TsOH and SCX methods, respectively. Said values are considered adequate for the concentrations assayed according to US FDA [20] and ICH [21] validation criteria. Data obtained herein are in line with those obtained from the same samples analyzed by another laboratory (see Table 2 footnote d), as Pearson test show variables with a positive association (r = 0.891; p < 0.001 which indicate that both variables tend to increase together, see robustness Table 2 ). No significant differences were found when a same group of samples were tested using MET-058, TsOH or SCX (p > 0,05) However, slight variations among laboratories may be caused by i. methodological differences, ii. storage temperature during transport (i.e., samples assayed in Costa Rica versus those transported and analyzed in Europe, strict abidance to or differences in cold chain/storage temperatures [22] ) and iii. dates between assays.
These methods aim to establish an accurate and reliable technique which will allow assessing basal furosine concentrations in commercial milk (Fig. 1C ) over the country. Later on, the same procedures will be used to distinguish among storage related levels vs. typical thermal treatment vs. adulteration of fluid milk with reconstituted milk powder [23, 24] . However, in this particular case method validation reliance on spiking limits and hinders robustness assaying since no commercial reference materials or proficiency tests are available for furosine ( Fig. 1D) .
It is important to notice that furosine alone may not be sufficient to achieve such goal. It is true that multiple or prolonged thermic treatment will increase furosine concentrations. Still, to our knowledge, no legislation has been established. For example, some countries even permit the commercial preparation and sale of recombined milk (e.g., Nicaragua [25] ), but it must be labeled as such. In contrast, in Costa Rica adding milk powder to fluid milk is considered adulteration. Due to their structural relatedness, the proposed methods may be very well suited for other measurements linked to Maillard reaction (e.g., homoarginine [reactive lysine], N 6 -carboxymethyllysine) [2] . Noteworthy, our data seems to hint a possible role in the milk skimming on the amount of furosine encountered. As the fat is removed, the more protein thermal susceptibility is observed (i.e., furosine in whole milk < partially skimmed milk < skimmed milk, Table 2 ). Finally, considering costs, ease of application, number of involved steps, high sensibility (Table 2 ) and the cleanness (no baseline drift nor interferences present) of the resulting chromatograms (Fig. 1F) , the direct SCX approach is recommended.
Statistical analysis
Calibration curves parameters (i.e., slopes and intercepts), coefficients of determination, limits of detection, and standard errors were computed as a linear fit model using SAS JMP 13 (Marlow, Buckinghamshire, England). A Mann-Whitney test was used to evaluate the hypothesis that variability among milk samples was equal. A One-way ANOVA and a Tukey post hoc test were used to compare differences among method results for a group of samples tested (the same samples were tested using 3 different methods as a way to assess robustness). Additionally, a Pearson product-moment correlation test was used to compare results obtained from a third-party method (MET-058) and our data (TsOH and SCX). For all tests, significant results were considered if p < 0.05.
Calculations
Furosine is calculated as follows: If the result is to be reported in mass (i.e., mg furosine/100 g sample), milk density must be accounted for.
To express as a protein base:
Interpolated f urosine; mg L Ádiluton f actor ði:e:; 3 mL 0:5 mL Þ cartridge recovery f actor ðe:g:; 0:95Þ Á8 mLÁ 1 L 1 000 mL =4Áprotein content of 2 mL hydrolysate in grams ð ÞÞÁ100
¼ mg f urosine= 100g milk protein
Protein is determined as directed by AOAC 991.20 using 6.38 as a nitrogen-to-protein conversion factor.
